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Zinc oxide, with the formula ZnO, is an inorganic compound which presents in the 
earth’s crust as the mineral zincite [1]. It is not a novel material for scientific study, and has 
been widely used in industry. ZnO can be found in numerous materials and products as an 
additive including plastics, ceramics, glass, cement, rubber, paint, adhesives, sealants and 
pigments [2]. In these traditional applications, ZnO is valued for its ultra-violet (UV) 
absorbance, piezoelectricity and luminescence at high temperatures. It is even added to food 
such cereals as the source of Zn nutrient. 
As a semiconducting material, ZnO was first studied as early as 1930 [3], and research 
focused on bulk ZnO growth, characterizations and applications had rapidly grown since then. 
By the end of  the twentieth century,  ZnO had been widely used in semiconductor industry as 
varistors operated at elevated temperatures or high voltages [4], and as ultrasonic transducers 
in high-frequency  regions [5].  
 The methods employed for thin oxide film deposition can be divided into two groups 
based on the nature of the deposition process. The physical methods include physical vapour 
deposition (PVD), laser ablation, molecular beam epitaxy, and sputtering. The chemical 
methods comprise gas phase deposition methods and solution techniques. The gas phase 
methods are chemical vapour deposition (CVD) [6,7] and atomic layer epitaxy (ALE) [8], 
while spray pyrolysis [9], sol-gel [10], spin- [11] and dip-coating [12] methods employ 
precursor solutions. 
 Spray pyrolysis is a processing technique to prepare dense and porous oxide films, 
ceramic coatings, and powders. Unlike many other film deposition techniques, spray pyrolysis 
represents a very simple and relatively cost-effective method, especially regarding equipment 
cost. Spray pyrolysis does not require high quality substrates or chemicals. The method has 
been employed for the deposition of dense films, porous films, and for powder production. 
Spray pyrolysis has been used for several decades in the glass industry [13] and in solar cell 
production to deposit electrically conducting electrodes [14]. 
 Chapter one presents a review of thin films and growth modes. Then, we talk about 
zinc oxide ( ZnO), the properties and their applications. 
 Chapter  two  presents  a  review  of spray  pyrolysis  and  the characterization  




 Chapter three contains an interpretation of the solution flow rate effect on ZnO thin 
films properties deposited using zinc acetate as precursor. 
 Chapter four talk about of the effect of substrate temperature on structural, optical 
and electrical properties of ZnO thin films. 
 We studied the influence of tin doping concentration and annealing temperature on 
ZnO thin films properties in chapter five. Finally we move general conclusion and future 
work.  
 The objective of this work is to study the structural, morphological, optical and 
electrical properties of ZnO thin films prepared by ultrasonic spray process (USP). 
 To this end, we want to fix the optimal parameters which are represented in solution 
flow rate, solution concentration, and annealing temperature. These parameters make the thin 














Review of thin films, Zinc Oxide 
Properties and their Applications       




I.1. Introduction  
This chapter includes a description of thin films growth at different modes. The 
different properties of zinc oxide such as structural, optical and electrical are reviewed in this 
chapter.  Applications of zinc oxide are discussed towards the end of the chapter. 
I.2 Thin films growth process 
Thin films are deposited on a substrate by thermal evaporation, chemical decomposition, 
and/or the evaporation of source materials by the irradiation of energetic species or photons. 
Any thin-film deposition process involves three main steps: 
1. Production of the appropriate atomic, molecular, or ionic species. 
2. Transport of these species to the substrate. 
3. Condensation on the substrate, either directly or via a chemical and/or 
electrochemical reaction, to form a solid deposit. 
 The unit species, on impacting the substrate, lose their velocity component normal to 
the substrate (provided the incident energy is not too high) and are physically adsorbed on the 
substrate surface.The adsorbed species are not, initially, in thermal equilibrium with the 
substrate initially and move over the substrate surface. In this process, they interact among 
themselves forming bigger clusters. 
The clusters or the nuclei, as they are called, are thermodynamically unstable and may 
tend to desorb in time, depending on the deposition parameters. If the deposition parameters 
are such that a cluster collides with other adsorbed species before getting desorbed, it starts 
growing in size. After reaching a certain critical size, the cluster becomes thermodynamically 
stable and the nucleation barrier is said to have been overcome. This step involving the 
formation of stable, chemisorbed, critical-sized nuclei is called the nucleation stage. 
The critical nuclei grow in number as well as in size until a saturation nucleation 
density is reached. The nucleation density and the average nucleus size depend on a number 
of parameters such as the energy of the impinging species, the rate of impingement, the 
activation energies of adsorption, desorption, thermal diffusion, and the temperature, 
topography, and chemical nature of the substrate. A nucleus can grow both parallel to the 
substrate by surface diffusion of the adsorbed species, and perpendicular to it by direct 
impingement of the incident species. In general, however, the rate of lateral growth at this 
stage is much higher than the perpendicular growth. The grown nuclei are called islands. The 
next stage in the process of film formation is the coalescence stage, in which the small islands 




start coalescing with each other in an attempt to reduce the substrate surface area. This 
tendency to form bigger islands is termed agglomeration and is enhanced by increasing the 
surface mobility of the adsorbed species,  
Larger islands grow together, leaving channels and holes of uncovered substrate. The 
structure of the films at this stage changes from discontinuous island type to porous network 
type. Filling of the channels and holes forms a completely continuous film [5]. 
I.3 Growth modes 
In the early stage of research on thin films, it soon became clear that it was imperative 
to understand the mechanisms, which control and define the growth of thin films to achieve 
good control over these novel materials. Hence the huge effort of the scientific community to 
characterize, optimize and understand film growth.  
Evidently, thin films are composed of atoms, which are their zero-dimensional 
building blocks.  Extending this concept, nanoparticles (also termed 'nano-crystals') can also 
serve as zero-dimensional building blocks which by self-assembly may form two-dimensional 
thin films or three-dimensional crystals (so-called 'nanoparticle super-lattices'),  analogous to 
atomic films and crystal lattices[15,16,17].  
Atomic thin film growth is understood to occur in form of three basic growth modes, 
which result from competing energy terms during the film deposition, i.e. Frank van der 
Merwe, Stranski-Krastanov, and Volmer-Weber growth. Various processes occur when atoms 
arrive at a substrate during thin film growth. That is adsorption, desorption, diffusion, finding 
or leaving of equilibrium positions. These processes occur simultaneously averaged over the 
ensemble of arriving atoms [18, 19, 20]. 
As in the case of atoms, the interplay of various free energy terms determines the way 
on how the nanoparticles (NPs)films will grow. These are in detail [21]: an entropic 
contribution ETS, an inter-particle energy term Ep, summing up all relevant types of 
interactions between NPs[22], and a NP-to-substrate interaction energy Es. A further 
important factor is the diffusion energy barrier, Ed, which can be overcome by 'thermal' 
energy kBTs. Hereby Ts is a quantity comparable to a substrate 'temperature', which precise 
physical meaning still needs to be understood for NP systems. 




Depending on the relative magnitudes of Ed and kBTs the NPs will either stay fixed at 
one place once they are attached to the substrate or move freely to seek energetically more 
favorable locations considering the two extreme cases. 
From a comparison of these free energy terms one finds[20, 21] that three different 
growth modes follow: in the case where NP-to-substrate energy, Es, dominates a layer-by-
layer growth is found, viz. the so-called Frank-van-der-Merwe growth mode (FvdM). This 
case is depicted in Fig.I.1. Once a stable cluster (or 'nucleus') of NPs is formed, the following 
NPs prefer to attach at the periphery of the nucleus in contact with the substrate.  
Accordingly this leads to the advancement of planar film growth [21]. Depending on 
the ratio of Ed and kBTs (i.e. the mobility of NPs) one will either obtain polycrystalline or 
single-crystalline superlattices. In the first case, the immobility of NPs leads to the nucleation 
of many independent superlattice crystallites, while, in the other case, the large mobility 
















Fig.I.1. Schematic representation of the three known film growth modes[20]. 
 
 




I.4 Zinc oxide 
Zinc Oxide is a II - VI compound semiconductor. It exists in natural form, under the name 
of "Zincite", but can also be synthesized artificially in solid form "ZnO bulk" with different 
colors depending to the impurities that it contains (Fig.I.2) [22]. 
 
Fig.I.2.ZnO bulk in natural form (a) and (b) and from hydrothermal synthesis (c). 
Most of the group II–VI binary compound semiconductors crystallize in either cubic zinc 
blende or hexagonal wurtzite (Wz) structure where each anion is surrounded by four cations 
at the corners of a tetrahedron, and vice versa. This tetrahedral coordination is typical of sp3 
covalent bonding nature; but these materials also have substantial ionic character that tends to 
increase the band gap beyond the one expected from the covalent bonding [23]. 
I.4.1Structural properties 
ZnO has a hexagonal close packing (HCP) structure called wurtzite.  The structure of 
ZnO consists of alternating planes composed of O2− and Zn2+ ions, which are tetrahedrally 
coordinated and stacked along the c-axis on an alternate basis (Fig. I.3). In addition, there are 
other structures such as cubic zinc blende and rock salt. Among them, wurtzite structure is the 
most common ZnO phase at ambient pressure and temperature [24].The zinc oxygen bond  
length  is  0.1992  nm  parallel  to  the  c - axis  and  0.1973 nm inthe other  three directions  






















Fig.I.3 ZnO unit cell (hexagonal close packing (HCP) structure type wurtzite. 
 
The unit cell parameters consist a and c which a = 0.325 nm and c = 0.5206 nm. 
In  order  to  describe  zinc  oxide,  hexagonal  indices  can  be  used  based  on  a  four 
coordinate  system  with  indices  (hkil) .  This  is  more  suitable  for zinc  oxide  than  the  
three coordinate system because of the source of possible  confusion in  assigning  planes  
when  equivalent  planes  do  not  have  the  same  indices.  Possible confusion is avoided’ 
using the four coordinate system as equivalent planes are indicated by permutations of the 
first three indices. 
For example the three main reflections from  the XRD spectrum of a polycrystalline 
powder sample of zinc oxide using the three coordinate system  (hkl) are the (100),  (101), 
and the  (002)  planes.  Under  the  four  coordinate  system  the  labels  are  the  (1010),  
the(101

1)  and  the  (0002).  Note  that  (110)  is  not  equivalent  to  (101)  in  the  hexagonal 
structure  and  this  is  explicit  in  the  4  coordinate  system  where  these  planes  become 




1)  respectively.  The following formula is used to convert from three to four 
indices [25]. 










Another important characteristic of ZnO is polar surfaces. The most common polar 
surface is the basal plane. The oppositely charged ions produce positively charged Zn-(0001) 
and negatively charged O (0 0 0 1)

surfaces, resulting in a normal dipole moment and 
spontaneous polarization along the c-axis as well as a divergence in surface energy. To 
maintain a stable structure, The polar surfaces generally have facets or exhibit massive surfac 
reconstructions, but ZnO±(0001) are exceptions :they are atomically ﬂat, stable and without 
reconstruction[26.27]. 
The internal stress in ZnO thin films is given by the following relationship: 







)                                       (I.2) 
Where,  cbulk  is  the unstrained  lattice  parameter  of  ZnO  equals to 0.5206 nm, cﬁlm 
is  the  lattice  parameter  of  the  strained  ﬁlms  calculated  from  X- ray  diffraction  data and  
C11 = 209.7 GPa, C12 = 121.1 GPa, C13 = 105.1 GPa  and C33 = 210.9 GPa are the stiffness 
constants of bulk ZnO[28]. 
I.4.2 native defects in ZnO 
Zinc oxide (ZnO) is usually as a rather n- type conducting material. An excess of zinc, 
which acts to yield an electron gives the type of ZnO conductivity. The excess zinc results in 
a non - stoichiometric material 𝑍𝑛1+𝛿  𝑂and a degree ofstructural disorder. The latter is caused 
by the elaboration technique and deposition parameters. Large octahedral interstitial positions 
exist in zinc oxide into which zinc ions can diffuse.  The diffusion rate of zinc in  zinc  oxide  
has  been  found  to  be  higher  than  that of oxygen.  If an  absolutely  pure stoichiometric  
single  crystal were  considered,  i.e.  with  no  point  defects,  no  impurities, no dislocations,  
and no grain  boundaries,  zinc  oxide would  be  an  insulator  rather  than a  semiconductor  
at  room  temperature [25]. 
The control of defects and associated charge carriers is of paramount importance in 
applications that exploit the wide range of properties of ZnO materials since the defects have 
great effects on doping, minority carrier life time and luminescence efﬁciency, and may be 
directly involved in the diffusion mechanisms connected to growth process There are a 
number of intrinsic defects in ZnO with different ionization energies :O vacancy(VO), Zn 
vacancy (VZn), Zn interstitial (Zni), O interstitial (Oi) and anti-site Zn(OZn). Zn interstitials 




and oxygen vacancies are known to be the predominant ionic defects types [29, 30, 31].The 









Fig.I.4. The draft of the calculated defect’s levels in ZnO thin ﬁlms [32]. 
 
I.4.3 Optical properties  
Zinc oxide, a member in the II-VI family with a wide optical band gap (~3.3eV) and a 
large excitonic binding energy (60meV) [33]. 
The fundamental electron excitation spectrum of the ﬁlm is described by means of a 
frequency dependence of the complex electronic dielectric constant. 
Mujdat Caglar and al were found that there a real and imaginary parts of the dielectric 
constant decrease with increasing wavelength in the visible rang while they increase in the 
ultraviolet region [33]. T. Prasada Rao and al are found that optical band gap increases with 
increasing the compressive stress due to increase of repulsion between the oxygen 2p and the 
zinc 4s bands [33, 34]. 
I.4.4 Electronic properties  
A number of groups have calculated the electronic band of ZnO [35, 36, 37]. The 
standard local density approximation (LDA) tends to underestimate the band gap by ~3 eV 
due to its failure in accurately modelling the Zn 3d electrons. However, by incorporating 
atomic self-interaction corrected pseudo potentials, the Zn 3d electrons can be accurately 
accounted. The calculation is shown in Figure 2-3 [36]. The band structure is shown along 
high symmetry lines in the hexagonal Brillouin zone. Both the valence band maxima and the 




lowest conduction band minima occur at the Г point k = 0 indicating that ZnO is a direct band 
gap semiconductor. The band gap as determined from this calculation is 3.77 eV [36], which 
correlates reasonably well with the experimental value of 3.4 eV, and is much closer than the 
value obtained from the standard LDA calculation. Advantages associated with its large band 
gap include high breakdown voltages, ability to sustain large electric fields, low noise 
enervation, and high-temperature and high-power operation [38]. 
The electronic structure of the surface of wurtzite ZnO was also extensivelystudied. 
Ivanov and Pollmann used the empirical tight-binding method (ETBM) to determine a 
Hamiltonian of the bulk states: the scattering theoretical method was applied to determine the 
nature of the surface states [40]. The calculated data was found to be in very good agreement 
with experimental results obtained from electron-energy-loss spectroscopy (EELS) and ultra-
violet photoelectron spectroscopy (UPS). It suggests that the Zn face possesses more covalent 
character, arising from the Zn 4s-O 2p states, whilst the O face is more ionic. Experimentally, 
the ZnO valence band is split into three band states, A, B and C by spin-orbit and crystal-field 
splitting. Figure I.5 schematically illustrates this splitting. The A and C sub-bands are known 










Fig.I.5. theoretical diagram of ZnO band structure a left [41]. Schematic representing the 
spin-orbit splitting of the valence band of ZnO into 3 sub-band states A, B and C at 4.2K a 
right [39] 
 
I.4.5 Electrical properties  
As-grown ZnO has always been found to be n-type. It was always assumed that the 
dominant donor was either oxygen vacancy VO, or the zinc interstitial Zni, since most sample 
are grown under Zn-rich conditions. However, Kohan et al [42] and Van de Walle [43] 
challenged this conclusion in 2000 from different aspects. Kohan showed that both VO and 
Zni theoretically had high formation energies in n-type ZnO, and therefore neither VO nor Zni 
would exist in measurable quantities. Furthermore, it was also indicated that VO and Zni were 
deep donors, so even if one or other were present, its ionization energy would be too high to 
produce free electrons. Although other theoretical analysis suggested that Zni was actually a 
shallow donor [44, 45], and had been proven by electron-irradiation experiments [46], the 




high formation energy of Zni mentioned earlier still limited its ability to contribute to n-type 
conductivity. 
H.L. Ma and al said that: there are two reasons to explain the change of carrier 
mobility with Ts.  On  the  one  hand, the  concentration  of  donor  (Vo)  increases  with  the  
rise  of  the  Ts at a certain range. Hence, the scattering of carriers (Vo) is enhanced, which 
reduces the carrier mobility.  On  the  other  hand,  the  orientation  of  C-axis  becomes  
stronger  with  increasing  Ts.  The  probability of  grain  boundary  scattering  for  the  
carriers  moving  parallel  to  the surface  increases,  and  therefore,  the  mobility  paralleled  
to  the  surface direction reduces[47].  
I.4.6 Applications of Zinc Oxide  
Because of its diverse properties, both chemical and physical, zinc oxide is widely 
used in many areas. It plays an important role in a very wide range of applications, ranging 
from tyres to ceramics, from pharmaceuticals to agriculture, and from paints to chemicals.   
 . Rubber Industry  
Global production of zinc oxide amounts to about 105 tons per year, and a major 
portion is consumed by the rubber industry to manufacture various different cross-linked 
rubber products [48]. Zinc oxide is a very effective and commonly used  cross linking  agent 
for carboxylated  elastomers [49,50].  
 The Pharmaceutical and Cosmetic Industries 
Due to its antibacterial, disinfecting and drying properties [15,  21 ], zinc oxide is 
widely used in the production of various kinds of medicines. It was formerly used as an orally 
administered medicine for epilepsy. At the present time it is applied locally, usually in the 
form of ointments and creams, and more rarely in the form of dusting powders and liquid 
powders. ZnO has properties which accelerate wound healing, and so it is used in 
dermatological substances against inflammation and itching. In higher concentrations it has a 
peeling effect. It is also used in suppositories. In addition it is used in dentistry, chiefly as a 








 Electronics applications: 
Zinc oxide is a new and important semiconductor which has a range of applications in 
electronics and electro technology [15–11]. Its wide energy band (3.37 eV) and high bond 
energy  (60 meV)  [15,15] at room temperature mean that zinc oxide can be used in photo- 
electronic  [15] and electronic equipment [19], in devices emitting a surface acoustic wave 
[56], in field emitters [55], in sensors [52, 63], in UV lasers [54], and in solar cells [55].   
Zinc oxide is also used in gas sensors. It is a stable material whose weak selectivity 
with respect to particular gases can be improved by adding other elements. The sensitivity of 
such devices depends on the porosity and grain size of the material; sensitivity increases as 
the size of zinc oxide particles decreases. It is most commonly used to detect CO and CO2 (in 
mines and in alarm equipment), but can also be used for the detection of other gases (H2, SF6, 
C4H10, C2H5OH) [66].  
One of the most important applications of zinc oxide in electronics is in the production 
of varistors. These are resistors with a non-linear current-voltage characteristic, where current 
density increases rapidly when the electrical field reaches a particular defined value. 
 They are used, among other things, as lightning protectors, to protect high-voltage 
lines, and in electrical equipment providing protection against atmospheric and network 
voltage surges. These applications require a material of high compactness, since only such a 
material can guarantee the stability and repeatability of the characteristics of elements made 
from it [67, 68]. 
 Photo-catalysis applications  
Intensive scientific work has taken place in recent years on photo-catalysis. In this 
process, an electron-hole pair is produced below the intensity of light by means of oxidation 
or reduction reactions taking place on the surface of the catalyst. In the presence of a photo- 
catalyst, an organic pollutant can be oxidized directly by means of a photo-generated hole or 
indirectly via a reaction with characteristic reactive groups (ROS), for example the hydroxyl 
radical OH· , produced  in solution  [69, 70].  
 
 




The most commonly used catalysts are TiO2 and ZnO. TiO2 exhibits photo-catalytic 
activity below the intensity of UV light [71, 72]. ZnO provides similar or superior activity to 
that of TiO2, but is less stable and less sensitive to photo-corrosion [73]. Better stability, 
however, is provided by zinc oxide of nanometric dimensions, which offers better crystallinity 
and smaller defects [74].  
The photocatalytic activity of ZnO can be further improved, and the range of the visible 












Spray pyrolysis and characterization 
methods




II.1. Introduction  
In this chapter, we display a fragment around to different elaboration techniques for 
thin films. Then, we part the history and development of spray pyrolysis and the used 
equipment to elaborate our ZnO thin films. The second part of this chapter includes the 
different techniques and different relationships, which is used to characterize our thin films.  
II.2. Thin films depositions techniques 
The properties of thin films are extremely sensitive to the method of preparation, 
several techniques have been developed (Depending on the desired film properties) for the 
deposition of the  thin films of the metals,alloys,ceramic,polymer and superconductors on a 
variety of the substrate materials.Each methods has it’s own merits & demerits and of course 
no one technique can deposit the thin films covering all the desired aspects such as cost 
ofequipments, deposition conditions & nature of the substrate material etc.Thin film 
deposition techniques are classified in Table.II.1 
In our work, we choose spray pyrolysis because this thin film deposition method is 
simple, cost-effective, and a wide choice of precursors can be used. The composition of the 
film can be easily controlled by the precursor solution. Both, dense and porous structures can 
be deposited by spray pyrolysis, even on large substrates when scaling up the equipment. 
II.3. Spray pyrolysis technique (SP) 
     II.3.1 spray pyrolysis equipment 
Spray pyrolysis is a processing technique being considered in research to prepare thin 
and thick ﬁlms, ceramic coatings, and powders. Unlike many other ﬁlm deposition 
techniques, spray pyrolysis represents a very simple and relatively cost-effective processing 
method It offers an extremely easy technique for preparing ﬁlms of any composition. Spray 
pyrolysis does not require high-quality substrates or chemicals. The method has been 
employed for the deposition of dense ﬁlms, porous ﬁlms, and for powder production. Even 
multi layered ﬁlms can be easily prepared using this versatile technique. Spray pyrolysis is 
has been used for several decades in the glass industry [76]and in solar cell production 
[77].Typical spray pyrolysis equipment consists of an atomizer, precursor solution, substrate 
heater, and temperature controller. The following atomizers are usually used in spray 
pyrolysis technique: air blast (the liquid is exposed to a stream of air) [78], ultrasonic 




(ultrasonic frequencies produce the short wave length necessary for ﬁne atomization) [79] and 
electrostatic (the liquid is exposed to a high electric ﬁeld) [80]. 
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Fig.II.2. Schematic diagram of spray pyrolysis equipment. 
 
II.3.2 spray pyrolysis process  
In general case of spray pyrolysis deposition is shown in Fig.II.2, where there processing 
steps can be seen and considered: 
 Atomization of the precursor solution. 
 Aerosol transport of the droplet. 
 Decomposition of the precursor to initiate ﬁlm growth. 
1. Precursor atomization 
The atomization procedure is the ﬁrst step in the spray pyrolysis deposition. The idea 
is to generate droplets from a spray solution and send them, with some initial velocity, 
towards to the hot substrate surface. Spray pyrolysis normally uses air blast, ultrasonic, or 
electrostatic techniques [82]. 
2. Aerosol Transport of Droplets 
After the droplet leaves the atomizer, it travels through the ambient with an initial 
velocity determined by the atomizer. In the aerosol form, the droplets are transported with the 
aim of as many droplets as possible reaching the surface. As the droplets move through the 
ambient, they experience physical and chemical changes represented in Fig.II.3. 
 
 




Fig.II.3 Spray pyrolysis droplets modifying whether the temperature or the initial droplet size 
are varied [83, 84]. 
As the droplet traverses the ambient, there are forces simultaneously acting on it, 
describing its path. Those forces are the following:  
The gravitational force is the force which attracted the droplets to substrtate surface 
ward .The value of the force depends on the mass of the droplet. For small size of droplets, 
the gravitational force is too small to allow it to arrive at the substrate surface .For large size 
of droplets; the force of gravity is the driving force behind the droplet transport. 
The stokes force is the drag experienced by the droplet due to the air resistance. The 
force is caused by the friction between the droplet and air molecules.  
Other forces is causing droplets to signiﬁcantly decrease their velocity as they 
approach the heated substrate. It is evident that the air temperature increases steeply due to the 
forced convection cooling effect of the air ﬂow when close to the heated substrate. It depends 
on the thermal gradient in the transport environment, it can be concluded that it will have 
effect on the droplet movement. 
3. Decomposition of precursor 
Many processes follow simultaneously when a droplet hits the surface of the substrate: 
evaporation of residual solvent, spreading of the droplet, and salt decomposition. Many 




models exist for the decomposition of a precursor. Most of the authors suggest that only a 
kind of CVD process gives high quality ﬁlms by spray pyrolysis. 
Viguie and Spitz were given the following processes that occur with increasing 
substrate temperature [83]. At low substrate temperature (processA), the droplets plashes onto 
the substrate surface and decomposes (see figure.II.4).At higher temperatures (processB) the 
solvent evaporates completely during the ﬂight of the droplet and dry precipitate hits the 
substrate, where decomposition occurs. At even higher temperatures (more than the latter 
case), the solvent also evaporates before the droplet reaches the substrate. Then the solid 
precipitate melts and vaporizes without decomposition and the vapor diffuses to the substrate 
to undergo a CVD process (process C).At the highest temperatures (processD), the precursor 
vaporizes before it reaches the substrate, and consequently the solid particles are formed after 
the chemical reaction in the vapor phase. 
Increasing substrate temperature. 








II.3.3 Spray pyrolysis parameters 
To elaborate thin films by spray pyrolysis technique. You should choose the precursor; 
the latter may be salts or organometallic material. The type of precursor directly influences 
three spray parameters: temperature (should be sufficiently high to decompose the precursor), 
precursor concentration (limits the maximal concentration in the solution) and type of solvent 
(restricts the choice of salts due to their insolubility in some solvents). Therefore, the optimal 
spray parameters usually differ considerably for each type of precursor. 
The spray parameters are the following: 
 Substrate temperature. 
 Solution flow rate. 
 Type of salt. 
 Solvent. 
 Deposition time. 
 Nozzle - substrate distance. 
II.4.Charactirization methods  
A measurement of thin-film properties is indispensable for the study of thin-film 
materials and devices. The chemical composition, crystalline structure, and optical, electrical, 
and morphological properties must be considered in evaluating thin films. 
The  X rays diffraction is carried out to  study  the  crystalline  quality  of  the  ZnO  
thin  ﬁlms. It is a simple and non-destructive analysis technique, which provides means to 
identify different phases and their distribution in the sample, texture, evaluate average grain 
size, internal stress, etc.   
 X-rays are electromagnetic waves with wavelength (0.5-50 Å) comparable to atomic 
separation distances. When propagating through a crystal, the X-rays interact with the lattice 
and are diffracted according to the Bragg’s law: 
2dhklsinθ =  λ                                                          (II. 1) 
dhkl:The atomic spacing. 
 θ: The scattering angle.. 
λ: The wavelength. 














Fig. II.5:  Schematics of X-ray diffractometer. 
 
In this technique, the diffracted radiation is detected by the counter tube, which moves 
along the angular range of reflections. The intensities are recorded on a computer system. The 
X-ray diffraction data thus obtained is printed in tabular form on paper and is compared with 
Joint Committee Power Diffraction Standards (JCPDS) data to identify the unknown material. 
The sample used may be powder, single crystal or thin film. The crystallite size of the 
elaborated sample is estimated from the full width at half maximum (FWHM) of the most 
intense diffraction line by Scherrer's formula as follows [85]: 
𝐷 =  
0.9 𝜆
𝛽 𝑐𝑜𝑠𝜃
                                                        (𝐼𝐼. 2) 
D: The crystallite size (nm or A°). 
𝜆 : The wavelength of X-ray (nm or A°). 
𝛽:The full width at half maxima of the peak (FWHM) in radians, 
𝜃:TheBragg’s angle (rd.).  
It can be calculate the dislocations density using the grains size values according to the 
following relationship [85]:  




𝛿 =  
1
𝐷2
                                                            (𝐼𝐼. 3) 
The X-ray diffraction data can also be used to determine the dimension of the unit cell using 
this relation [86]: 











2⁄                                        (𝐼𝐼. 4)  
The scanning electron microscope (SEM) is a type of electron microscope that images 
the sample surface by scanning it with a high-energy beam of electrons in a raster scan 
pattern. The electrons interact with the atoms to make the sample producing signals that 
contain information about the surface of the sample, composition and other properties of the 
ZnO thin films. 
The SEM uses electrons instead of light to form an image. A beam of electrons is 
produced at the top of the microscope by heating of a metallic filament. The electron beam 
follows a vertical path through the column of the microscope. It makes its way through 
electromagnetic lenses which focus and direct the beam down towards the sample. Once it 
hits the sample, other electrons such as backscattered or secondary are ejected from the 











Fig.II.6. Illustration of electron-specimen interactions in SEM [87]. 




The SEM gives information on the surface morphology of the sample, which can help 
us check whether the growth has taken place or not. The SEM produces 2D images and 
reveals topographic features of the sample, which allows us to examine the diameter, length, 
shape and density of the ZnO nanostructures. However, the images from the SEM cannot 
definitively prove that the obtained nanostructures actually consist of ZnO.  
It can be obtained from energy Energy-dispersive X-ray spectroscopy (EDS), which is 
most commonly attached on the SEM system. To characterize the morphologies of ZnO 
nanostructures deposited by spray pyrolysis , a JEOL JSM-6301F scanning electron 
microscope was used in our experiments.  The chamber pressure is about 10-6 mbar. The gun 
voltage is 15kV. 
PL measurement is a standard technique to observe defects and impurities in 
semiconductors. Study of luminescence processes can, not only show the content as well as 
the behavior of the defects and impurities in semiconductors, but also can give information on 
different paths for the radiative recombination. The PL spectrum and its dependence on the 
irradiation intensity and device temperature can deliver important information for the device 
characterization.  Through PL measurement, we can obtain a variety of material parameters, 
which will be introduced respectively as follows: 
 Band gap energy. 
 Impurity levels and defect detection. 
 Recombination mechanisms. 
 Material quality. 
 
















Fig.II.7. the principal operation of UV–Visible spectrophotometer. 
 
The optical transmittance spectra in UV–Visible rang were achieved using Perkin Elmer 
spectrophotometer. The wavelength range between 200 nm and 1100 nm.Figure.II.7 
represents the principal operation of UV–Visible spectrophotometer. The transmittance values 
were obtained using the following relationship [87]: 
T = (1 − R)e−α d                                                  (II. 3) 
(𝛼ℎ𝜐)2 = 𝐴(ℎ𝜐 − 𝐸𝑔)                                     (II.4) 
Where α is the absorption coefﬁcient which is related to wavelength, R is the 
reﬂectance and‘d’ is the ﬁlm thickness. The optical band gap of ZnO thin films is calculated 
by the following expression [88, 89] (eq II.4). 
            Which A is a constant independent of photon energy (hv), h the Planck constant and 
Eg the energy band gap of the semi- conductor. The value of optical band gap can be found by 
extrapolation of the linear region to (αhv)2 = 0 [90] (see figure.II.8). 
            Ravindra and al. [91, 92] have proposed a linear relation governing the variation of 
refractive index with energy gap in semiconductors expressed as follows: 
𝑛 = 4.08 − 0.62𝐸𝑔                                                              (II.5) 




           Also there is a relationship between the refractive index, the transmittance, the film 
thickness and the reflectance of the thin films expressed as follows[93]: 






− 𝑘2                               (II.6) 
Where k is called the extinction coefficient that is equal to  𝛼𝜆 4𝜋⁄  
The dielectric constant is deﬁned by real and imaginary parts of the dielectric constant 
which are related to the n and k values. The 𝜀1 and 𝜀2values were calculated using the 
formulas [94]: 
ε1 =  n
2 −  k2                                                         (II. 7) 
ε2 = 2nk                                                                   (II. 8) 
Fig.II.8. Curve represent the function(𝛼ℎ𝜐)2 = 𝑓(ℎ𝜐). 
 
The electrical resistivity 𝜌 of ZnO thin films is found by four points probe using the 
following relationship [93]: 






                                           (II.9) 
𝜌 : The electrical resistivity (Ω.cm). 𝑉𝑀𝑒𝑠𝑢𝑟𝑒𝑑 : The mesured voltage (volt). 
d : the film thickness (cm).   𝐼𝑎𝑝𝑝𝑙𝑖𝑒𝑑 : the applied current  (ampeer). 



























Eg = 3,29 eV




II.5. Cleaning substrate 
            The quality of zinc oxide thin films deposited on glass substrate using ultrasonic spray 
process (USP) depends on purity and surface state of the used substrate.   
             The process of cleaning surface for the glass and Si single crystal substrates is as 
follows:  
o Firstly using a pen with diamond point to cut the substrates.   
o Rinsing with the water distilled and then with acetone during 5 min.  
o Rinsing with distilled water.    
o Washing in methanol at ambient temperature in a bath with the Ultrasound for 
to eliminate the traces from greases and impurities stuck to surface of substrate 
then they are to clean in a water bath distilled with the Ultrasound.    
 
 












   The solution flow rate and 










           In this chapter, ZnO thin films were deposited on hot glass substrates by spray 
pyrolysis technique. Solution flow rate and solution concentration effect on structural, 
morphological, optical and electrical properties of ZnO films have been investigated.  
III.2 Solution flow rate effect 
III.2.1 Experimental details 
The conditions of elaboration are represented in table.III.1. 
Table.III.1 : the elaboration conditions. 
 The influence of the solution flow rate. 




Deposition time 7 min 
spray nozzle – 
substrate distance 
5 cm 
Solution flow rate 50 ml/h, 75 ml/h, 125 ml/h and 150 ml/h 
 














Fig.III.1 Schematics of experimental technique. 




III.2.3 Structural properties 
To  investigate  the  crystalline  quality  of  the  ZnO  thin  ﬁlms  with various  values 
of solution flow rate,  XRD  analysis  is  carried  out  and  the  results  are shown  in  
Fig.III.1.The  XRD  patterns  of  the  ﬁlms  indicate  that the ZnO thin films have a  hexagonal  
structure type wurtzite corresponding to the JCPDS data card (36-1451) [95] with cell 
parameters  a = 0.324 nm and c = 0.518 nm.  It can be seen at 125 ml/h flow rate the 
preferential orientation of the crystallites changed from the conventional c-axis (002) 
orientation to the (100) orientation. The reason as to why the change of the preferred 
orientation took place could be explained by the oxygen content in the ﬁlm [96]. When the 
solution flow rate equal to 150 ml/h, the intensity of (002) peak is lower than other samples. It 
can be explained by presence an amorphous phase in film network due to the increasing of 
droplets number with high velocity.  In this case, the the ﬁlms have low cristallinity. 
          The crystallite size (D) of the ZnO ﬁlms was calculated using the classical Scherrer 
formula (mentioned in chapter II) [85].  
It is well known that the crystallite size measured by this method is usually less than the 
actual value. This is the consequence of internal stress and defects in deposited thin films 
[97]. The variation of average grain size and lattice stress in the ZnO thin films with solution 
flow rate is illustrated in fig.III.3. The estimated values of stress σ in the ﬁlms grown at 
different solution flow rate are shown in fig.III.3. The positive values of estimated stress for 
the ﬁlms indicate that the lattice constant c is lower than the unstressed bulk sample. The 
positive sign indicates that the ﬁlms are in a state of tensile stress. It’s well known that the 
tensile stress is likely responsible of resulting from the oxygen vacancies which exist in ZnO 
thin ﬁlms. However, the compressive stress may be due to zinc interstitials [98].  




The obtained films have a polycrystalline nanostructure; the obtained crystallite size is 
ranged from 36.79 to 20.11 nm. As seen that the average grain size is reduced with increasing 
of solution flow rate. It could be explained by increasing of stress due to the rise of internal 
strain in the formed crystallites. The increase of the stress can be accounted by increasing of 
solution particles number, which creates defects in the film network. Above 125ml/h flow 
rate, we noticed a decrease of stress and an increase in the crystallite size; this can be due to 
the change in growth direction at this flow rate. 
Fig.III.2 the XRD pattern of ZnO thin films. 
 








































Fig.III.3. Crystallite size and internal stress as function of solution flow rate. 
 
 
Solution flow rate (ml/h) Crystallites size (nm) Internal stress(GPa) 
50 36.79 2.02 
75 29.44 2.08 
125 19.97 2.53 
150 20.11 1.93 
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III.2.4 Morphological properties 
   The SEM analysis of the ZnO thin ﬁlms was done to study surface morphology. The 
SEM images of ZnO thin ﬁlm synthesized at substrate temperature equal to 350 ° C with 
solution flow rate of 50 ml/h, 75 ml/h, 125 ml/h and 150 ml/h (Fig. III.4). The SEM images 
show that ZnO thin films synthesized for a solution flow rate equals 50 ml/h exhibit a smooth 
and uniform surface (Fig.III.4 (a)). From the crystallite size curve, this sample has a larger 
grains than other samples because a few numbers of droplets with low velocity fall onto 
substrate surface which permit to growth the film with better way .  
 When, we increase the solution flow rate more than 50 ml/h the film surface changed to 
the granular surface and the grain size decreases  due to the increasing of the velocity and 
numbers of droplets  (Fig.III.4 (b, c and d)). In this case, the nucleation step was fast in the 
film which done a film with low crystallinity. 
The cross sectional images show that the film with a solution flow rate equals 50 ml/h 
grow parallel to the substrate surface. When, we increase the solution flow rate more than 50 
ml/h, the growth has been changed from parallel to perpendicular shape due by the increasing 
of droplets velocity. Furthermore, the thickness of ZnO thin films increases with increasing 
the solution flow rate. 
       
  
 




Fig.III.4. the SEM images for our samples of ZnO thin films prepared at different values of 
solution flow rate: (a) 50 ml/h, (b) 75ml/h, (c) 125 ml/h and (d) 150 ml/h. 
 
 




III.2.5 Deposition rate 
The deposition rate of our samples was calculated by division the ﬁlm thickness on the 
time of deposition.  The  experimental  results show  that  deposition  rate  increases  with  
increasing  the  solution ﬂow  rate .  This increase of deposition rate could be accounted by 
increasing of the solution volume sprayed onto substrate surface due to rise in the solution 
ﬂow rate [99]. 
Fig.III.5. deposition rate of ZnO thin films as a function of solution flow rate.  
III.2.6 Optical properties 
The transmittance spectra of ZnO thin films elaborated at 350 °C have shown in 
Fig.III.6. The optical transparency equal to 80% in visible rang. The optical band gap of ZnO 
thin films was calculated by the expression (mentioned in chapter II). 
The optical band gap energy increases with increasing the solution flow rate 
(Fig.III.6). It can be explain by decreases of the crystallite size [100, 101] and increases of 
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film thickness [102]. The refractive index of ZnO thin films elaborated at different solution 
flow rate is calculated using Ravindra relation (see the equation II.4) [103, 104]. 
The values of refractive index of our samples decrease when the solution flow rate 
increases (Fig.III.7). This decrease is attributed to increase of grains boundaries due to the 













Fig.III.6 Transmittance spectra and optical band gap as function of solution flow rate 
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Fig.III.7 refractive index of ZnO as function of solution flow rate. 
III.2.7 Electrical properties  
The  electrical  resistivity  of  ZnO  thin  ﬁlms  elaborated  at  different  values  of  
solution  ﬂow  rate  is  illustrated  in  Table. III.3.  As  seen the  resistivity  increases  with  
increasing  the  solution  ﬂow  rate.  This increase  in  electrical  resistivity  could  be  
explained  by  reduction  of crystallite size which increases the probability of grain boundary 
scattering [106]. 
Table.III.3 The resistivity of ZnO thin ﬁlms at different solution ﬂow rate. 
Solution flow rate (ml/h) Crystallite size D (nm) Resistivity  ρ               (Ω. cm) 
50 36.79 1.59 x 10-2 
75 29.44 2.6 x 101 
125 19.97 2.7 x 101 
150 20.11 4.3 x 101 
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III.3.Solution concentration effect 
III.3.1 Experimental details 
ZnO thin films were prepared using a solution contains a zinc acetate dihydrate 
ZnC4H6O4.2H2O and methanol CH3OH as a solvent. The solution was sprayed on heated glass 
substrates by ultrasonic spray technique. The solution concentration was varied from 0.1 mol/l 
to 0.2 mol/l. At the beginning of the deposition procedure, the substrates were chemically 
cleaned. In all samples, the solution flow rate was fixed at 50 ml/l. The deposition 
temperature   equals 350°C, The spray nozzle- substrate distance equal to 5 cm and the 
deposition time equals 7 min. The elaborated films were characterized in order to study their 
properties. The ﬁlms structure was analyzed by X-ray diffraction using XPERT-PRO 
diffractometer with a  Cu Kα radiation (𝜆=0.15405 nm). The optical transmittance spectra in 
UV–Visible rang were achieved using Perkin Elmer lambda 25 spectrophotometer. The 
electrical resistivity was measured by two points method. 
 
III.3.2 Structural properties 
To identify the crystalline quality of the ZnO thin ﬁlms elaborated at various solution 
concentrations. The x rays diffraction is carried out to this study.  Figure.III.9 shows the XRD 
diffraction peaks of the samples. All diffraction peaks such as (100), (002), (101), (110) and 
(103) indicate that the ZnO films are polycrystalline and crystalized at hexagonal wurtzite 
structure (JCPDS NO.  36-1451) [94]. It can be seen in the sample elaborated at 0.1 mol/l, all 
the crystallites have oriented preferentially along to the (002) plane. The appearance of (002) 
plane in XRD spectrum of this sample refer to this direction of growth in ZnO thin films has a 
lower surface energy [107, 108] and high atomic density [109]. When, the solution 
concentration equal to 0.125 mol/l, a competition is created between the (100) plane and (002) 
plane. In addition, the emergence of other diffraction peaks with significant intensity.  
The latter attributed to increase of nucleation sites due to increase of matter quantity 
deposited on substrate surface. In the case of 0.15 mol/l and 0.2 mol/l, the intensity of (100) 
plane increases and became predominant, this indicate to the improvement of crystallinty of 
the films attributed to the increase of electrostatic interactions between the spices due to 
increase of solution concentration. It can be explained the change of the preferred orientation 
by the higher deposition rate which leads to change the stoichiometry of the films: the 




decrease of incorporation of oxygen atoms with increasing of deposition rate in the elaborated 
film [110, 111]. The relationship between the intensity of the plane (002) and the deposition 
rate is shown in figure.III.10. T.V. Vimalkumar and al are found that the intensity of (002) 
peak decreases with increasing the deposition rate [112].  
Fig.IV.1: JCPDS NO.  36-1451 folder. 
 





Fig.III.9. the XRD pattern of ZnO thin films as function of solution concentration. 
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Fig.III.10. (100) and (002) planes intensity and deposition rate as function of solution 
concentration. 
 
 Figure.III.15 represent the variation of crystallite size as function of solution 
concentration. The grain size increase with increasing the solution concentration. This 
indicates that the crystalline state of ZnO thin films is improved with increasing the solution 
concentration confirmed by the decrease of dislocations density (see figure.III.11). It can 
interpreted the grain size behavior as follow: the increase of grain size is attributed to increase 
of nucleation sites; the latter confirmed by the appearance of weak peaks in XRD patterns. 
The rise of solution concentration leads to large grains absorb small grains in order to increase 























Fig.III.11 variation of grain size as function of solution concentration. 
III.3.3 Optical properties  
 The deposition rate of the elaborated films increases with raising of the solution 
concentration. The raise of the film thickness is attributed to increase of matter quantity 
deposited on substrate surface due to rise of solution concentration (see figure.III.10) [555]. 
The optical transmittance of ZnO thin films prepared at various values of solution 
concentration is shown in figure.III.12. The solution concentration demonstrates a significant 
impact on the transmittance of ZnO thin films in visible rang, a maximum value of visible 
transmittance equal to 88 % is observed in the sample prepared when the solution 
concentration equal to 0.1 mol/l (the film thickness equal to 580 nm). It can be remarked that 
the optical transmittance of ZnO thin films decreases with increasing the solution 
concentration. The transmittance behavior causes by the increase of film thickness. The 
roughness of surface increase with increasing the solution concentration, this is confirmed by 
disappearance of interference fringe in transmittance curve of sample deposited at higher 






























































solution concentration. This is correlated with XRD analysis which exhibit a highly textured 













ig.III.12  the transmittance spectra and optical band gap as function of solution concentration. 
The optical band gap of ZnO thin films is found to decrease with increasing the 
solution concentration. It may be explain in one hand, the decrease of optical band gap by the 
increase of the grain size. In other hand, the increase of film thickness leads to increase the 
presence of adsorbed oxygen. The latter leads to decrease the number of free carriers which is 
the result of the decrease of optical band gap according to effect of Burstein-Moss. 
 
III.3.4  Electrical properties 
                Figure.III.13 shows the variation of electrical resistivity as function of solution 
concentration. As seen that the resistivity of samples increases with increasing the solution 
concentration. According to XRD spectra, the crystallinty of the samples improves with 
increasing the solution concentration. The improvement of crystalline state of the samples 



















































leads to decrease the number of electrons scattering centers and trapping centers, which is the 
result of the decrease of electrical resistivity [555]. However, the electrical resistivity of ZnO 
thin films increases with solution concentration. Therefore, the roughness of the film surface 
is responsible factor, which leads to increase the resistivity of the samples. The roughness of 
the surface is indicated by the disappearance of interference fringe in transmittance spectrum 
of the film deposited at higher solution concentration. The roughness film leads to appear the 
adsorbed oxygen situated on the surface. The adsorbed oxygen captures the conduction 
electrons and fixes them to the surface, which leads to increase the electrical resistivity. 











































ZnO thin ﬁlms were prepared using ultrasonic spray pyrolysis method (USP).  
Solution flow rate and solution molarity effect on ZnO thin films properties such as 
crystalline state, crystallites orientation, optical transparency, optical band gap and electrical 
conductivity was investigated. In the case of solution flow rate parameter, we found that the 
ﬁlms are polycrystalline. The crystallite size decreases with increasing the solution ﬂow rate. 
The optical transparency of our ﬁlms invisible rang depending on solution ﬂow rate. The 
optical band gap increases with the solution ﬂow rate. And the case of solution concentration, 
we observed that the crystalline state is modiﬁed by varying of the solution concentration.  
When the solution concentration raised from 0.1 mol/l to 0.2 mol/l. The preferred orientation 
of crystallites change with changing the solution concentration. The resistivity increases from   
1.1 x 10-1Ω.cm to 8.1 x 10-1Ω.cm. The optical transmittance of the elaborated samples reach 
to 88%. Finally, it can be conclude that the solution flow rate and solution concentration have 
a significant impact on ZnO thin properties. The obtained results shows that the optimal 
values of two recently studied parameters for photovoltaic applications are 50 ml/h and 0.1 
mol/l respectively. This study demonstrated that the ZnO thin characteristics depend of 














Influence of substrate temperature 
 




As commonly known, that the ZnO thin films properties are significant effected by 
technique of elaboration and deposition parameters. In the case of spray pyrolysis, the main 
parameter which is widely influenced on ZnO thin films properties is substrate temperature 
which controls the spices energy and motion onto substrate surface. In this chapter, ZnO thin 
films have been deposited by ultrasonic spray pyrolysis. Substrate temperature effect on 
structural, optical and electrical properties of ZnO films have been investigated. 
IV.2 Experimental details 
           ZnO thin films were prepared by spraying a solution contains a 0.1 mol/l of zinc 
acetate (ZnC4H6O4.2H2O) in a volume of methanol CH3OH as a solvent on heated glass 
substrates using ultrasonic spray process. Before the deposition, the substrates were 
chemically cleaned. In all samples, the solution flow rate was kept at 50 ml/l. The deposition 
temperature   equals   250 °C, 300 °, 350°C, 450°C and 500°C. The spray nozzle- substrate 
distance equal to 5 cm. The films were prepared in atmospheric pressure for 5 min as a time 
of deposition. The elaborated films were characterized in order to study their properties. The 
ﬁlms structure was analyzed by X-ray diffraction using XPERT-PRO diffract meter with a 
Cook radiation (𝜆=0.15405 nm). The optical transmittance spectra in UV–Visible rang was 
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IV.3 Sprayed solution droplets  
Figure.IV.1 represents the relationship between substrate temperature and droplets 
projections surface, which it indicates that the latter was decreased with increasing the 
substrate temperature. It can be explained this relationship by the decrease of sprayed solution 
droplets volume due to the evaporation of solvent farther the substrate surface results of the 
increase of substrate temperature. 
Fig.IV.1 schematics represent the influence of substrate temperature on solution droplets. 
[Thin Film Deposition Using Spray Pyrolysis, DAINIUSPEREDNIS and 
LUDWIGJ.GAUCKLER, Journal of Electro-ceramics, 14,103–111, 2005.] Modified 
IV.4. Structural properties 
IV.4.1 XRD analysis 
The  X rays diffraction is carried out to study  the  crystalline  quality  of  the  ZnO  
thin  ﬁlms elaborated at various substrate temperatures.  Figure.IV.2 shows the XRD pattern 
of the samples.  
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It can be seen that the formation of ZnO crystallites in the films elaborated at low 
deposition temperature (less than 350°C). Those crystallites have oriented along to the (100) 
orientation which c-axis is parallel to substrate surface. The appearance of this orientation 
attributed to thermal energy which is lower than kinetic energy of sprayed particles. This 
leads to presence of organic materials residual on substrate surface [117].  After Ts= 350 °C, a 
ZnO crystallites were formed which were oriented preferentially along to the (002) orientation 
perpendicular to substrate surface according to (JCPDS NO.  36-1451) [94]. It well known, 
that the preferred orientation of ZnO thin films is (002) orientation, because the surface 
energy and lattice strain at this orientation will be minimized [558]. The appearance of ZnO 
compound attributed to increase of deposition temperature leads to improve of zinc oxidation.  
IV.4.2 Crystallite size  
          The crystallite size (D) represent the crystalline quality of the ZnO ﬁlms was calculated 
using the classical Scherrer formula. [96]. Figure. IV.3 represents the variation of crystallite 
size with the substrate temperature. The crystallite size is calculated from the (002) diffraction 
peak. 
It can be remarked that crystallite size increases with increasing the substrate 
temperature (see figure.IV.3). It can explain this variation as follow: At the beginning 𝑇𝑠 <
350 °𝐶, the majority of grains have small size was formed due to the amount of ZnO results 
of weak oxidation of zinc atoms due to substrate temperature. This provoke the formation of 
small islands and the growth mode is layer by layer such as the lower layer consist ZnO solid 
films and the upper layer of zinc acetate [119].  
At Ts≥ 350 °𝐶 the increase of grain size is attributed to increase of nucleation sites 
due to increase of zinc oxidation with increasing the substrate temperature. This engender the 
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decrease the total surface energy and the growth mode changed to islands growth, which 
explain the appearance of 002 orientation perpendicular of substrate surface.  
Fig.IV.2 XRD patterns of zinc oxide as function of substrate temperature.  
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Fig.IV.3 crystallite size of ZnO thin films as a function of substrate temperature. 
 
IV.4.3 Strain and lattice parameter  
          It can be seen that the lattice parameter c decreases for the films deposited at substrate 
temperature increase from 250 °C to 300 °C. The decrease of lattice parameter is attributed to 
increase of compressive strain which permit to create a small grains oriented parallel to the 
substrate surface.The increase of substrate temperature more than 300 °C engender the 
increase of lattice parameter. The rise of lattice parameter results of the decrease of lattice 
strain ε due to reduction in defect density inside the ﬁlms, which involves a network 
relaxation [520, 521]. In this case, the crystalline state of the films has been improved and the 
growth mode changed to island growth with increasing the substrate temperature due to 
decrease total surface energy which impose the sprayed material species to create a small 
island perpendicular on substrate surface. The decrease of lattice parameter c in the films 
elaborated at 500 °C may be due to the deterioration of crystallinity of these films. 
 





























Fig.IV.4 lattice parameter and compressive strain as a function of substrate temperature. 












250 695 0.51782 0.32363 10,36 -0,53 
300 565 0.51757 0.32348 20,72 -0,58 
350 450 0.51850 0.32406 62,23 -0,40 
400 200 0.51913 0.32445 71,1 -0,28 
450 140 0.51988 0.32492 71,09 -0,13 
                500            110 .6 51896 .6 32435        30.99 -0.55 
 
IV.5 deposition rate 














































Chapter IV                                                                                                                           Influence of substrate temperature 
 
54 
             The deposition rate of zinc oxide (ZnO) thin films elaborated at various substrate 
temperature is displayed in Figure.IV.5. It can be observed that deposition rate decreases with 
increasing the substrate temperature.it can be explained the decrease of deposition rate as 
follow; at low substrate temperatures (𝑇𝑠 < 350 °𝐶) the chemical reaction to forming ZnO 
solid films did not complete due to kinetic energy of solution droplets which is more than 
thermal energy . In this case, the growth mode is layer by layer such as the lower layer consist 
ZnO thin films and the upper layer of zinc acetate [559]. It can be observed, the increase of 
substrate temperatures,(𝑇𝑠 ≥ 350 °𝐶)provoke the decrease of deposition rate. It can be 
explain by the evaporation of solution farther the substrate surface. 
Fig.IV.5 Deposition rate of ZnO thin films as function of substrate temperature. 
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Fig.IV.6 Transmittance spectra of ZnO thin films as a function of wavelength. 
IV.6 Optical properties 
IV.6.1 Optical transmittance 
The optical transmittance of ZnO thin films elaborated at different substrate 
temperature is displayed in figure. IV.6. The substrate temperature exhibit an important 
influence on the transmittance of ZnO thin films in visible rang, a maximum value of visible 
transmittance reaches 90% in the film which deposited at 516 °C. The  result indicates  that  
the  sample  have  relatively  high  quality  with  very few  internal  defects  or  impurities  and  
the  crystallization  of  this sample is  completed,  which  reduces  the  photon  scattering.   
IV.6.2 Optical band gap Eg 
It can observed that optical band gap increases with the increase the substrate 
temperature (see figure.IV.7 and IV.8). The raise of optical band gap might be accounted by 
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the decrease of disorder associated with the stress state of the  samples[122] and the 
improvement the crystalline state of films due to rise the substrate temperature [123]. 
Figure.7 represent another attitude repose onto the first diversion of transmittance data 
d T
d 
  as a function of photon energy h [124]. The optical band gap values were obtained 




  . 
It can be seen that optical band gap increases with increasing the substrate temperature. The 
increase of band gap could be explained by the improvement of films crystallinity due to rise 
of substrate temperature. It can be remarked that full width and half maximum (FWHM) of 
peak which corresponding the band gap decreases with substrate temperature, which confirm 









Fig.IV.7 Optical band gap of ZnO thin films synthesized at different Ts. The inset is plot of 
(𝛼ℎ𝑣)2vs ℎ𝑣. 
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Fig.IV.8 first derivate of transmittance versus photon energy. The inset is plot of Eg vs Ts 
IV.7 Electrical conductivity 
Figure.IV.9 represents the variation of electrical conductivity of ZnO thin films as a 
function of substrate temperature. It well known, that the Inequality in atomic percent of state 
of ZnO thin films. metal and oxygen atoms creates a free carriers in thin film which gives the 




250 3.235 3.123 
300 3.28 3.238 
350 3.279 3.219 
400 3.288 3.240 
450 3.298 3.252 
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electrical conductivity of TCO  thin films. It can be seen the electrical conductivity increases 
with increasing the substrate temperature until 450 °C. The increase of electrical conductivity 
can be explained by increasing of zinc oxidation due to the increase of substrate temperature. 
It can be explained as follow; for Ts=250 °C  and Ts=300 °C a partial decomposition of zinc 
acetate. In this case, a few free carriers have been created results of the non-stoichiometry of 
ZnO solid film which was obtained. The increase of substrate temperature (Ts≥350 °C) 
provokes the improvement of zinc atoms oxidation. In this case, the growth direction is 
changed and the obtained ZnO thin films become more and more compact [106].  The 












Fig.IV.9 electrical conductivity of ZnO thin films as a function of substrate temperature. 
 
































Chapter IV                                                                                                                           Influence of substrate temperature 
 
59 
IV.8 Photoluminescence spectra 
Figure.IV.10 displays the room temperature photoluminescence spectra in 
wavelengths ranging from the ultraviolet (UV) to the visible light for all the elaborated thin 
ﬁlms. There are three peaks, the first is stronger located at 386 nm (3.21 eV) near band edge 
(NBE) corresponding of  UV emission originates from the exciton recombination for the films 
prepared at substrate temperature equal to  250°C, 300°C, 350°C, 400°C and 500°C [125]. 
However, it is situated at 375 nm (3.3 eV) for the film elaborated at 450°C. It can be 
observed, the intensity of this peak increases with substrate temperature. This indicates the 
film cristallinity improves with the increase of substrate temperature [126]. The other peaks 
are weak as compared with the first peak. The second peak is positioned at 483 nm equivalent 
the bleu-green emission which may be result from the electron  transition  from  the  level  of  
the  ionized  oxygen  vacancies to the valence band [127]. The third situated at 531nm (green 
emission). This emission consequence to the formation of oxygen anti-sites (Ozn) in the 
beginning stage of building up of the (002) plane, which the substrate temperature may not be 
able to supply enough Zn ions to ﬁll the plane fully [552].  
Fig.IV.10 PL spectra of ZnO thin films as a function of substrate temperature. 
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IV.9 Conclusion  
ZnO  thin  ﬁlms  were  prepared  by  ultrasonic  spray pyrolysis  method  using  
Zn(CH3COO)2·2H2O  as  the  precursor.  The orientation of crystallites depend of substrate 
temperature. Weak oxidation of zinc atoms gives a ZnO thin films oriented preferentially 
along to 100 plane. The obtained results shows that the elaborated films have good optical 
transmittance in visible rang.  
The elaborated films have UV emission increases with increasing the substrate 
temperature. The electrical conductivity is varied between 0.05 (Ω cm)-1 and 1.2 (Ω cm)-1. 
Finally, it can be conclude that the optimal value of substrate temperature is 450 °C for thin 
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Annealing temperature effect on ZnO 









This chapter contains two parts, the first part talk about of the effect of tin 
concentration in ZnO thin films properties of elaborated film.the second part focused to study 
the influence of annealing temperature on structural, optical and electrical properties. 
V.2 the effect of tin doping concentration 
V.2.1 experimental details 
TableVI.1. the experimental details 
 
V.2.2 Structural properties  
V.2.2.1 XRD analysis 
Fig.V.1 displays the X-ray diffraction patterns of undoped and Sn-doped ZnO thin 
ﬁlms deposited on a glass substrate. The diffraction patterns ﬁt correctly with the ZnO 
structure, according to the JCPDS Card File No.:36-1451[94]. It was apparent that ZnO thin 
ﬁlms deposited on glass substrate composed of a ZnO phase oriented along to the c axis with 
a signiﬁcant (002) peak, indicating that the layers are highly textured along the c axis. These 
observations are in agreement with those reported in [128]. 
 Tin doped Zinc oxide (Sn/ZnO) 
Solution concentration 
Solution flow rate  
 0.1 mol/l  
50 ml/h 
Substrate temperature 450 °C 
Deposition time 5 min 
spray nozzle – substrate 
distance 
5 cm 
Tin doping concentration 
(x 10-3 mol/l) 
USED TECHNIQUE 
0, 1, 2, 3, 4, 5 
 
Ultrasonic spray process (USP) 
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V.2.2.2 Crystallite size and stress 
The variation of crystallite size and compressive stress of undoped ZnO thin films and 
tin doped ZnO is displayed in figure.V.2. It can be seen that the crystallite size increase with 
increasing the Sn doping concentration. This can be attributed to micro-strains produced by 
residual stress [129, 130] 
















































FigV.3 transmittance spectra and film thickness of undoped ZnO and Sn doped ZnO 
thin films. 
V.2.3 Optical properties 
The optical transmittance of ZnO thin films elaborated at different tin doping 
concentration is displayed in figure.V.3. As seen that the transmittance of ZnO thin films in 
visible rang around to 80%. The increase of tin concentration leads to decrease the optical 
band gap due to increase the films thickness. 
 Figure.V.4 represents the variation of optical band gap as a function of tin doping 
concentration. It can be seen that the optical band gap decreases with increasing the tin 
concentration. It can be interpreted the decrease of optical band gap by the increase of grain 
size. Many researchers have reported that the optical band gap decreases with increasing 
doping level [131]. Hamberg and Granvist [132] showed that the band gap shift is the result of 
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two competing mechanisms: a widening due to the Burstein Moss effect and a narrowing due 
to electron–ion and electron–electron scattering. Burstein–Moss effects are enhanced as the 
electron concentration increases.  
 
 












































































V.2.2.4 Electrical resistivity 
Figure.V.5 represent the resistivity as a function of tin concentration. As seen that the 
resistivity of the films decreases with increasing the tin concentration. It can be explain the 
decrease of resistivity by increasing of crystallite size and reduced of scattering grain 
boundaries. Other side, the increase of film conductivity due to the increase in carrier 
concentration of TZO thin films was due to the substitutional incorporation of Sn4+ ions at 
Zn2+ cation sites.  
The increase of electrical resistivity after 3.10-3 mol/l of Sn doping concentration 
might be due to deterioration of crystalline state of elaborated films results of increase of tin 
doping quantity incorporated in ZnO thin films network in few time of deposition. In this 
case, a rapidly deposition of Sn/ZnO thin films leads to deteriorate the crystalline state of the 
films. 
FigV.5. electrical resistivity of ZnO thin films synthesized at different tin concentration. 
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V.3 the effect of annealing temperature 
V.3.1 experimental details 
 
Table.V.4 experimental details. 
 
 
V.3.2 Structural properties 
    V.3.2.1 XRD analysis 
Figure V.6 represent the XRD pattern of ZnO thin films treated at different values of 
annealing temperature. As seen that ZnO thin films crystallized at hexagonal close packing 
(hcp) and all crystallites was oriented along to (002) orientation. It can be observed that 
crystalline state of elaborated films improved with increasing the annealing temperature 
[133].  





 effect of annealing temperature 
Solution concentration 
Solution flow rate  
0.1 mol/l 
50 ml/h 
Deposition temperature 450 °C 
Deposition time 5 min 
spray nozzle – substrate 
distance 
5 cm 
Annealing temperature (°C) 
USED TECHNIQUE 
500, 550 and 600 
Ultrasonic spray process (USP) 
samples Film thickness (nm) 
As deposited 630 
Annealed at 500 °C 457 
Annealed at 550 °C 400 
Annealed at 600 °C 280 




V.3.2.2 Crystallites size  
The variation of crystallites size as a function of annealing temperature is displayed in 
figure.V.7.  It is quite clear that the crystallites size increases after annealing treatment, which 
might be due to recrystallization of the film [134]. 
 
FigV.6 XRD pattern of ZnO thin films (a) as deposited, (b) annealed at 500 °C, (c) 
annealed at 550 °C and (d) annealed at 600 °C. 
















Fig.V.7 Crystallite size of undoped ZnO thin films as a function of annealing temperature. 


























































































  ZnO as deposited
  ZnO annealed at 500°C
  ZnO annealed at 550°C
  ZnO annealed at 600°C




   V.3.3. Optical properties  
The effect of annealing temperature on undoped ZnO thin films transparency is shown 
in figure.V.8. It can be observed that the transmittance of elaborated films increases with 
increasing the annealing temperature. The transmittance behavior of films as a function of 
annealing temperature might be due to the improvement of crystalline state of films which 
provoke the reduction of structural defects [134]. Figure.V.9 represent the variation of optical 
band gap as a function of annealing temperature. It can be explain the optical band gap 
behavior by the increase of crystallites size a due to increase the annealing temperature.    
 
Fig.V.9 transmittance spectra of ZnO thin films. 
 
 
















  ZnO annealed at 500°C
  ZnO annealed at 550°C
















V.3.4. Electrical resistivity  
Figure.V.56 represents the variation of electrical resistivity of ZnO thin films as a 
function of annealing temperature. It can be seen the electrical resistivity decreases with 
increasing the annealing temperature. The decrease of electrical resistivity can be explained 
by increasing of zinc oxidation due to improve of films crystallinity attributed to the increase 
of annealing temperature until 550 °C. the films annealed at 600 °C have a columnar  grains,  
the  electron  transferring  becomes  difﬁcult,  and  therefore  the  resistivity  of  the  sample  
increases  again[106].  




































































































































































































































































































































































































































































































































































































































General conclusion and future work. 
The original objective of this project was to produce transparent conducting films of 
ZnO by ultrasonic spray pyrolysis process (USP).  our work  in  this  project  had  
concentrated  on  the  use  of· zinc  acetate  as  a  precursor.  For this, we are modified some 
parameters such as solution flow rate, solution concentration, substrate temperature (Ts), tin 
doping and annealing temperature. The elaborated thin films were prepared in thin films 
laboratory in the material science Department, University of biskra. The obtained results 
shows that the films of ZnO were elaborated have been structured at hexagonal shape. For the 
undoped films were deposited at deferent values of solution flow rate varying from 50 ml/h to 
150 ml/h. the crystallite size decreases from 36.79 nm to 19.97 nm due to the increase of 
compressive stress. The films have a good transmittance in visible rang around to 80%. The 
optical band gap increase from 3.27 eV to 3.28 eV. The electrical resistivity varied between 
1.59 × 10−2Ω. 𝑐𝑚  to 43 Ω. 𝑐𝑚 .  for the films deposited at 50 ml/h with varying the solution 
concentration, the preferred orientation of crystallites changed from (002) plane to (100) 
plane.  The latter leads to increase the crystallite size reach to 46.7 nm.  A maximum value of 
visible transmittance equal to 88 % is observed in the sample prepared when the solution 
concentration equal to 0.1 mol/l (the film thickness equal to 580 nm). The resistivity increases 
from   1.1 x 10-1Ω.cm to 8.1 x 10-1Ω.cm.  For the films deposited with varying the substrate 
temperature from 250 °C to 500 °C. We are founded that the grain size increase from 27.56 
nm to 71.09 nm. The optical transparency reach to 89% in the film deposited at 516 °C. The 
resistivity decreases from   20 Ω.cm to 8.2 x 10-1Ω.cm.  The elaboration of ZnO thin films 
with changing tin concentration (tin doping) displays that the crystalline state is improved 
with increasing the tin concentration in elaborated film.  




The grain size increase from 12.85 nm to 39.18 nm. The optical transmittance and 
optical band gap of the films are decreased with increasing the tin concentration. The 
electrical resistivity decreases from 43 Ω.cm to 1.2 x 10-2Ω.cm. the studied of annealing 
temperature shows that the crystalline state of elaborated films improved with increasing the 
annealing temperature until 550°C. The crystallite size varied between 12.85 nm to 46.94 nm. 
The elaborated films have a good optical transparency in visible rang.  The optical band gap 
varied between 3.20 eV and 3.28 eV. The electrical resistivity varied between 2.75 Ω.cm and 
15 Ω.cm.  
Depending on the results of the current study we found that ZnO thin films elaborated 
at low value of solution flow rate (50 ml/h) are more appropriate for use as transparent oxide 
front layer in solar cells application. However, the films deposited at deposition temperature 
equal to 450 °C treated at 550 °C are more suitable for applications as electrodes in solar 
cells.  
According to the above results, the poor properties for the ZnO thin films are mostly 
due to the amount of oxygen atoms in the elaborated films. So the amount of oxygen plays a 
mainly role onto sprayed zinc oxide thin films properties. Our future work is trying to find a 
way to improve the properties of the ZnO thin films, i.e. to control the amount of oxygen 
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Elaboration and characterization of thin layers of zinc oxide (ZnO) deposited by 
ultrasonic spray for photovoltaic and optoelectronic applications. 
 
                 In this work we have prepared thin layers of Zinc oxide (ZnO) by ultrasonic spray 
technique (USP). We have modified some parameters such as the solution flow rate, the 
concentration of the solution, the substrate temperature (Ts), the tin concentration and the 
annealing temperature. The result obtained demonstrated that our ZnO films were crystallized 
according to the wurtzite hexagonal structure. For undoped layers deposited in deferent flow 
values from 50 ml / h up to 150 ml / h. the grain size decreased from 36.79 nm to 20.11 nm. 
The transmittance is about 80% in the visible range.  
     The resistivity varies from 1.59 × 10-2 Ω.cm up to 43Ω.cm. for thin layers 
elaborated in deferent concentration value.  
     The maximum transmittance value is 88% (the film thickness is 580 nm). The 
resistivity varied from 1.1 x 10-1Ω.cm up to 8.1 x 10-1Ω.cm. For thin layers prepared in 
deferent substrate temperature varied from 250 ° C to 500 ° C. The grain size was found to 
increase from 27.56 nm to 71.09 nm. The optical transparency is about 85%. The resistivity 
was decreased from 20 Ω.cm to 8.2 x 10-1Ω.cm.  
      For thin layers deposited from changing the tin concentration, the grain size ranged 
from 12.85 nm to 39.18 nm. The transmittance is about 80%. The varied electrical resistivity 
from 43 Ω.cm to 1.2 x 10-2Ω.cm. The study of the annealing temperature has been indicated 
that the crystalline state of our thin layers will improve with increasing annealing temperature. 
The grain size varied between 12.9 nm and 46.94 nm. The varied electrical resistivity from 
2.75 Ω.cm to 15 Ω.cm. 
Keywords: 
 Zinc oxide (ZnO), Ultrasonic spray, Solution concentration - Substrate temperature , 









Résumé    Elaboration et caractérisation des couches minces d’oxyde de 
zinc(ZnO) déposées  par spray ultrasonique en vue d’applications 
photovoltaïques et optoélectroniques. 
Dans ce travail nous avons  élaboré des couches minces d’oxyde de Zinc (ZnO) par la 
technique de spray ultrasonique (SPU).  Nous avons modifié quelque paramètres tels que, le débit de 
la solution, la concentration de la solution, la température du substrat (Ts), la concentration d’étain et 
la température de recuit. Le résultat obtenu démontrées que   nos films de ZnO ont été cristallisées 
selon la structure hexagonale de type wurtzite. Pour les couches non-dopées déposes dans déférent 
valeurs du débit de 50 ml/h jusqu’à 150 ml/h. la taille des grains diminué de 36.79 nm jusqu’à 20.11 
nm. La transmittance est environ 80% dans le domaine de visible.   La résistivité varié de 1.59 ×
10−2Ω. 𝑐𝑚  jusqu’à 43 Ω. 𝑐𝑚 .  pour les couches minces élaborées dans déférent valeur de 
concentrations. La valeur maximale de transmittance est égale à 88 % (l’épaisseur du film est égale à 
580 nm). La résistivité varié de 1.1 x 10-1Ω.cm jusqu’à 8.1 x 10-1Ω.cm.  Pour les couches minces 
élaborées dans déférent valeur de la température du substrat varié de 250 °C to 500 °C. On a trouvées 
la taille des grains augmente de 27.56 nm à 71.09 nm. La transparence optique est environ de 85%. La 
résistivité a été diminuée de 20 Ω.cm à 8.2 x 10-1Ω.cm.  Pour les    couches minces déposées à partir 
de changer la concentration d’étain, la taille des grains varié de 12.85 nm à 39.18 nm. La transmittance 
est environ de 80 %. La résistivité électrique variée de 43 Ω.cm à 1.2 x 10-2Ω.cm. L’étude de la 
température de recuit a été indiquée que l’état cristallin de nos couches minces va améliorer avec 
l’augmentation de température du recuit. La taille des grains variée entre 12.9 nm et 46.94 nm. La 
résistivité électrique variée de 2.75 Ω.cm à 15 Ω.cm. 
Mots clées : 
Oxyde de Zinc (ZnO) - spray ultrasonique - concentration de la solution - temperature de 






من  تحضير وتشخيص الشرائح الرقيقة لأكسيد الزنك الموضعة بتقنية الرش فوق الصوتي
 أجل التطبيقات الضوئية الكمونية والضوئية الإلكترونية.
هذا العمل قمنا بتحضير الشرائح الرقيقة لأكسيد الزنك بتقنية الرش فوق الصوتي. غيرنا  في
 ودرجة حرارةنسبة القصدير  ،المسنددرجة حرارة  ،المحلولتركيز  ،المحلولبعض العوامل مثل تدفق 
النتائج المتحصل عليها أثبتت أن كل الشرائح قد تبلورت وفق البنية السداسية. من أجل الشرائح  التلدين.
من مقاس الحبيبات  سا. يتناقصمل / 615مل / سا إلى  61المحضرة بتغيير في قيم تدفق المحلول من 
   مقاومية تتغير ال .% 65نانو متر. النفاذية في المجال المرئي تقارب     97.63نانو متر إلى  55.62
من أجل الشرائح المحضرة بتغيير في قيم تركيز المحلول تكون  .مأوم. س 55أوم. سم إلى  91.5×65-2من
من أجل  أوم.سم.× 1.8 65-5أوم. سم إلى  5.5×65-5المقاومية تتغير من. % 55القيمة الأعظمية للنفاذية 
تتزايد مقاس الحبيبات من ° م  661إلى ° م 612الشرائح المحضرة بتغيير في درجة حرارة المسند من  
. المقاومية الكهربائية تتناقص من % 15النفاذية إلى  وتصل قيمةنانو متر  96.55نانو متر إلى  51.52
أن مقاس الحبيبة يتغير من  التغيير في نسبة القصدير نجد سم. عندأوم.  2.5×65-5إلى  مأوم. س 62
 55المقاومية تتغير من .%65حوالي  فتصل إلىالنفاذية  أما قيمة نانو متر. 55.95نانو متر إلى  15.25
أوم.سم. دراسة تأثير درجة حرارة التلدين بينت ان الحالة البلورية لأكسيد الزنك × 2.15-2أوم. سم إلى 
نانو  59.55نانو متر إلى  9.25تتحسن مع الزيادة في درجة حرارة التلدين أما مقاس الحبيبة فيتغير من 
 أوم.سم.51أوم. سم إلى  57.2المقاومية تتغير منمتر. 
 كلمات مفتاحية




























Résumé    Elaboration et caractérisation des couches minces d’oxyde de zinc(ZnO) déposées  par spray 
ultrasonique en vue d’applications photovoltaïques et optoélectroniques. 
Dans ce  travail nous avons  élaboré des couches minces d’oxyde de Zinc (ZnO) par la technique de spray ultrasonique (SPU).  Nous 
avons modifié quelque paramètres tels que, le débit de la solution, la concentration de la solution, la température du substrat (Ts), la 
concentration d’étain et la température de recuit. Le résultat obtenu démontrées que   nos films de ZnO ont été cristallisées selon la structure 
hexagonale de type wurtzite. Pour les couches non-dopées déposes dans déférent valeurs du débit de 50 ml/h jusqu’à 150 ml/h. la taille des 
grains diminué de 36.79 nm jusqu’à 20.11 nm. La transmittance est environ 80% dans le domaine de visible.   La résistivité varié de 1.59 ×
10−2Ω. 𝑐𝑚  jusqu’à 43 Ω. 𝑐𝑚 .  pour les couches minces élaborées dans déférent valeur de concentrations. La valeur maximale de 
transmittance est égale à 88 % (l’épaisseur du film est égale à 580 nm). La résistivité varié de 1.1 x 10 -1Ω.cm jusqu’à 8.1 x 10-1Ω.cm.  Pour les 
couches minces élaborées dans déférent valeur de la température du substrat varié de 250 °C to 500 °C. On a trouvées la taille des grains 
augmente de 27.56 nm à 71.09 nm. La transparence optique est environ de 85%. La résistivité a été diminuée de 20 Ω.cm à 8.2 x 10-1Ω.cm.  Pour 
les    couches minces déposées à partir de changer la concentration d’étain, la taille des grains varié de 12.85 nm à 39.18 nm. La transmittance 
est environ de 80 %. La résistivité électrique variée de 43 Ω.cm à 1.2 x 10-2Ω.cm. L’étude de la température de recuit a été indiquée que l’état 
cristallin de nos couches minces va améliorer avec l’augmentation de température du recuit. La taille des grains variée entre  12.9 nm et 46.94 
nm. La résistivité électrique variée de 2.75 Ω.cm à 15 Ω.cm. 
Mots clées :  Oxyde de Zinc (ZnO) - spray ultrasonique - concentration de la solution - temperature de substrat - percentage d’étain - 
temperature de recuit. 
 
مصخل: 
 لجأ نم يتوصلا قوف شرلا ةينقتب ةعضوملا كنزلا ديسكلأ ةقيقرلا حئارشلا صيخشتو ريضحت
 تاقيبطتلا.ةينورتكللإا ةيئوضلاو ةينومكلا ةيئوضلا 
 لماوعلا ضعب انريغ .يتوصلا قوف شرلا ةينقتب كنزلا ديسكلأ ةقيقرلا حئارشلا ريضحتب انمق لمعلا اذه يف
 قفدت لثملولحملا،  زيكرتلولحملا،  ةرارح ةجردةبسن ،دنسملا  لصحتملا جئاتنلا .نيدلتلا ةرارح ةجردو ريدصقلا
 قفدت ميق يف رييغتب ةرضحملا حئارشلا لجأ نم .ةيسادسلا ةينبلا قفو ترولبت دق حئارشلا لك نأ تتبثأ اهيلع
 نم لولحملا50  ىلإ اس / لم150 تابيبحلا ساقم صقانتي .اس / لم نم20.11  ىلإ رتم ونان36.79  ةيذافنلا .رتم ونان
لا يف    براقت يئرملا لاجم80 %نم ريغتت ةيمواقملا .2-10×1.59  ىلإ مس .موأ43 .مس .موأ  حئارشلا لجأ نم
 ةيذافنلل ةيمظعلأا ةميقلا نوكت لولحملا زيكرت ميق يف رييغتب ةرضحملا88 % .نم ريغتت ةيمواقملا1-10×1.1  مس .موأ
 ىلإ1-10 8.1 ×.مس.موأ د يف رييغتب ةرضحملا حئارشلا لجأ نم دنسملا ةرارح ةجر نم250 م ° ىلإ500  م ° ديازتت
 نم تابيبحلا ساقم27.56  ىلإ رتم ونان71.09  ىلإ ةيذافنلا ةميق لصتو رتم ونان85 % صقانتت ةيئابرهكلا ةيمواقملا .
 نم20  ىلإ مس .موأ1-10×8.2  نم ريغتي ةبيبحلا ساقم نأ دجن ريدصقلا ةبسن يف رييغتلا دنع .مس .موأ12.85  رتم ونان
 ىلإ39.18 .رتم ونان  يلاوح ىلإ لصتف ةيذافنلا ةميق امأ80%نم ريغتت ةيمواقملا .43  ىلإ مس .موأ2-
101.2 × يف ةدايزلا عم نسحتت كنزلا ديسكلأ ةيرولبلا ةلاحلا نا تنيب نيدلتلا ةرارح ةجرد ريثأت ةسارد .مس.موأ
 نم ريغتيف ةبيبحلا ساقم امأ نيدلتلا ةرارح ةجرد12.9 ن ىلإ رتم ونا46.94  .رتم وناننم ريغتت ةيمواقملا2.75  .موأ
 ىلإ مس15.مس.موأ 
ةيحاتفم تاملك  ةجرد ،ريدصقلا ةبسن ،دنسملا ةرارح ةجرد ،لولحملا زيكرت ،يتوص قوف شر ،كنزلا ديسكأ
نيدلتلا ةرارح 
 
